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Abstract
The quality of surface ﬁnishing of manufactured parts is inﬂuenced by material and texture of the cutting edge as well as cutting parameters.
To characterize the surface texture of a cutting tool standardized statistical roughness parameters are used as provided by inspection tools, i.e.
proﬁlers and microscopes. A topography scan undergoes several data analysis steps to detrend roughness from waviness and form before the
standardized procedures (ISO 4287 and ISO 13565-2) are applied to estimate the statistical parameters of the roughness proﬁle.
A new series of ISO-standards (16610-xx) has been developed during the past decade that provide besides the Gaussian ﬁltration method
alternative ﬁlter algorithms. Each ﬁlter has a diﬀerent kernel characteristics delivering slightly diﬀerent curvatures of the waviness proﬁle. This
article shows the inﬂuence of the shape of ﬁlter kernels on roughness parameters and investigates possible estimation of the uncertainty of
roughness amplitude density distributions accordingly.
The ﬁltration dependence of roughness parameters will be illustrated for a typical cutting tool, as example one of uncoated carbide.
c© 2016 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the scientiﬁc committee of the 3rd CIRP Conference on Surface Integrity (CIRP CSI).
Keywords: roughness parameters, ﬁlter algorithms, cutting edge
1. Introduction
Quality and precision of a workpiece is determined by the
quality of the cutting process. Besides the dynamical param-
eters as feed rate, turning velocity, vibrational parameters and
cutting depth, there are also static parameters, material (ductil-
ity, thermal conductivity) and geometry, of the cutting edge de-
termining the precision of micro geometry and surface integrity
of the manufactured part [1,2].
The geometry on all scales aﬀects the cutting process, the
macrocopic geometry of the tool, the mesoscopic geometry,
which is the shape of the cutting edge (the radii of curvature,
the angle between ﬂank and face, the shape of the rake), and
the micro topography, which is the surface texture on the cut-
ting edge and its vicinity [3,4]. The mesoscopic geometry has a
simple roof like shape which changes dramatically during cut-
ting within the cutting depth. It undergoes a metamorphoses
to a fractal mesoscopic geometry arising from work piece ma-
terial that coalesces onto the edge, the formation of built-up
edges. Therefore, one of the issues in tool edge assessment is
how to detrend the various geometries, features that may be re-
sults from stochastic processes and scales. In quality assurance
it is a good practice to use standardized procedures for assess-
ment of work pieces and tools. However, if more complex sta-
tistical processes are involved, the application of the procedures
for data processing demands for a careful interpretation of pro-
cesses and their results. In this article the concern will be that
the characteristics of the detrending ﬁlter determines the char-
acteristics of the separated structures.
There exist a variety of mesoscopic geometries for the cross
section of a cutting edge: with rounded edge with single ra-
dius or two radii (waterfall or trumpet), or with a beveled edge
(chamfer, land) or combinations of these. The micro topogra-
phy relevant for the cutting process is that on top of the cutting
edge and in its vicinity once on the ﬂank side where it has con-
tact with the work piece material and secondly on the rake face
side where it has contact with the chips of the work piece mate-
rial. This article will focus on the tool assessment part regard-
ing its micro topography discussing the parameters as deﬁned
in ISO standards.
For the assessment of the micro geometry the statistics of the
height distributions of the roughness is investigated. To charac-
terize the statistical features of a surface texture a variety of
standardized roughness parameters are commonly in use.
In this article, we will focus on the arithmetical mean height
Ra (ISO 4287:1997/Amd1:2009) and the parameters sensi-
tive to the shape of height distributions, which are its higher
statistical moments, the skewness Rsk and kurtosis Rku (ISO
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4287:1997/Amd1:2009). In production engineering the ma-
terial/bearing ratio distribution Abbott-Firestone is important,
which is characterized by its parameters: the core height Rk, the
reduced peak height Rpk, and the reduced valley (dale) height
Rvk (ISO 25178-2:1996/Cor 1:1998).
To obtain the micro topography, i.e. a roughness proﬁle, the
mesoscopic geometry, which is the edge’s curvature and wavi-
ness, has to be removed numerically. There are a variety of
models parameterizing the mesoscopic geometry. To estimate
waviness, there exist diﬀerent very close but not identical, ap-
proaches that need to be speciﬁed clearly when giving numbers
of roughness parameters. This article, therefore, is intended to
show the relation between the parameters of the cutting edge’s
micro geometry being responsible for the surface quality of
a work piece and the numerical ﬁltration methods to extract
roughness.
2. Filtration according to ISO series 16610
A detrending between the microscopic and mesoscopic fea-
tures of a cutting tool is chosen via the standardized cut oﬀ
wavelength λc = 0.8mm assigned to the arithmetical mean
height of a roughness proﬁle of Ra ∈ (0.1, 2] μm (see ISO
4288:1996/Cor 1:1998), which is the case for the cutting edge
under investigation. The evaluation length then is lm = 4 mm.
The linear ﬁlters under comparison are
• the ﬁlter with Gaussian kernel according to ISO 16610-
21 (replacing former EN ISO 11562:1997) in combination
with the standard giving the treatment to minimize end ef-
fects ISO 16610-28,
• the spline ﬁlter according to ISO 16610-22 with minimum
tension energy, i.e. tension parameter β = 0.0
• and the ISO 16610-22 spline ﬁlter with ﬁnite tension by
including appropriate tension terms with the tension pa-
rameter estimated such that the transfer function ﬁts to that
of the Gaussian ﬁlter, hence with β = 0.625242.
The ﬁlter equations of the Gaussian and the smoothing spline
low pass ﬁlters of the standards for geometrical product spec-
iﬁcation are deﬁned as follows. The Gaussian ﬁlter deﬁned as
convolution of the proﬁle with a Gaussian kernel is equivalent
to a weighted average:
zW(x) =
∫
zP(x − ξ) 1√
ln(2)
π
λc
e
−π
⎛⎜⎜⎜⎜⎜⎜⎝ ξ√ ln(2)
π λc
⎞⎟⎟⎟⎟⎟⎟⎠
2
︸︷︷︸
kernel
dξ (1)
with x being the lateral position where the weighted average
is evaluated, ξ are those lateral positions that contribute to the
averaging, furthermore with zP representing the original signal
(height values of primary proﬁle) and zW the resultant smoothed
signal (waviness proﬁle). The ﬁlter equation of the smoothing
spline is deﬁned:(
E + βα2P + (1 − β)α4Q
)
zW = zP (2)
with α4 being the regularization parameter, β the tension pa-
rameter, zP := (zP(x1), . . . , zP(xn))T being the column vector of
the primary proﬁle and zW := (zW(x1), . . . , zW(xn))T of the wavi-
ness proﬁle. Furthermore E is the eye matrix, P the tridiagonal
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Fig. 1. Filter kernels and transfer functions for Gaussian and spline ﬁlters.
matrix of the diﬀerential quotiant for the ﬁrst derivatives and Q
the pentadiagonal matrix for the second derivatives. Unfortu-
nately the wording of ISO 16610-22 denotes P for both primary
proﬁle and for the matrix of the ﬁrst derivatives, which has to
be discerned due to the type setting where the matrix is written
in bold face.
The transfer function H of the Gaussian low pass ﬁlter is
H(λ) = 2−(λc/λ)
2
(3)
with λ being the wavelength. It has a damping of 50% at the
cut oﬀ wavelength λc of the low pass and a transition slope s of
s = −log(2) ≈ −0.69. The transfer function of a smoothing
cubic spline with the regularization parameter α4 depending on
the cut oﬀ wavelength [5,6]
α4 =
⎛⎜⎜⎜⎜⎜⎝ 12 sin(π Δx
λc
)
⎞⎟⎟⎟⎟⎟⎠
4
(4)
and with a tension parameter value of β = 0.0 has a signiﬁ-
cantly steeper slope, as displayed in Fig. 1 right. For a tension
with parameter value β = 0.625242, the transition curve for
wavelength values in the vicinity of the cut oﬀ and λ > λc,
i.e. those that are slightly damped (above 50%), the shape and
slope approximately are in agreement with those of the trans-
fer function of the Gaussian ﬁlter [7]. However, the damping
for the higher frequencies in the vicinity of cut oﬀ is smoother
compared to Gaussian and to spline without tension terms. The
kernel of the spline without tension has undershoots. This re-
sults in slightly larger curvatures of the waviness proﬁles and
therefore in lower roughness at the top of waviness hills and
less depths of roughness at the valley of the waviness.
The inﬂuence of the kernel shape of the linear ﬁlters has been
investigated for the statistical parameters describing the height
distribution, arithmetical mean Ra and the statistical moments
root mean square Rq, skewness Rsk, and kurtosis Rku.
The material ratio parameters Rk, Rpk, and Rvk often are ap-
plied to surface textures characterized by signiﬁcantly tailed
height distributions such that a robust ﬁltration is required. The
standard ISO 13565-1:1996/Cor 1:1998 that cuts oﬀ any asper-
ity below the reference line, i.e. the waviness, has now been
replaced by a robust ﬁlter treating tails of the height distribu-
tion in both directions symmetrically. The new standard ISO
16610-31 deﬁnes a robust estimation using Tuckey’s biweight
function to achieve robustness and a Gaussian regressian ﬁl-
ter with parabola for the regression polynomial to retain peak
shapes [8]. The nonlinearity of robust estimations requires an
iterative method. The inﬂuence of number of iterations of this
ﬁlter on the material ratio parameters will be shown.
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Fig. 2. Scanned topography of a cutting edge (left) and a single proﬁle illustrat-
ing that a spline ﬁlter with β = 0.0, i.e. with a steeper transfer function, delivers
a waviness with slighly greater curvatures: frequencies smaller but very close to
the cut oﬀ are allowed to contribute more than for the spline with β = 0.625242
and the Gaussian.
3. Cutting Edge Roughness Dependence on Filtration
The measurements on a cutting edge have been carried out
on a custom built micro topography measurement system [9],
a tactile system that performs areal scans. The vertical axis of
the measurement system is realized by a stylus with its vertical
movement measured interferometrically directly in line with its
probe tip, i.e. without Abbe´ oﬀset and without any arc error.
The stylus is guided by an air pressure bearing and its probing
force is controlled by magnetic ﬁelds. The probing tip is a di-
amond sphere of a radius of 1.46 μm. The sample objects are
moved on an air bearing stage in both lateral axes actuated by
voice coils each. A sample holder has been prepared such that
the cutting edge can be tilted for probing on both ﬂank and face
within one areal scan.
As sample tool edge, a Sandvik insert, an uncoated carbide
grade with wear resistance and toughness for light to medium
milling with an edge radius of rn ≈ 36 . . . 37 μm, has been
chosen. It has been scanned right at its corner and on top of
the edge. Furthermore the edge’s mesoscopic geometry, ra-
dius and ﬂank-to-face angle varies within the area of investi-
gation delivering an instructive example to highlight the de-
trending issue. We have investigated several scans with dif-
fering bandwidths. Topography scans with high lateral resolu-
tion and simultaneously signiﬁcant mesoscopic shapes require
great care implementing the ﬂoating point numerics of the ﬁlter
equation for the smoothing spline of ISO 16610-22. For our
scans the regularization parameter α4 takes very large values
(3 · 1012 . . . 1014). As example we present our scan taken on
an area of 8mm × 0.28mm with 80 000 data points per proﬁle
and 280 proﬁles close to the corner, the part dedicated for chip-
ping the work piece material, see Fig. 2 left. The scan direc-
tion has been chosen parallel to the edge’s ridge, however, with
a residual tilt of approximately 0.6◦. Single proﬁles of 8mm
length each have been ﬁltered with λc = 0.8mm and for each
proﬁle the statistical parameters were evaluated for a length of
lm = 4mm. A tip correction has been applied before ﬁltering.
Fig. 2 right shows a single proﬁle at y = 136 μm. The
spline ﬁlter with β = 0.0, i.e. with a steeper transfer function,
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Fig. 3. Arithmetrical mean Ra and the third statistical moment, the skewness
Rsk, of the height distributions as function of the proﬁle position y for the three
diﬀerent ﬁlters.
allows frequencies that are smaller but very close to the cut
oﬀ to contribute more than the spline with β = 0.625242
and the Gaussian do. The contributions of higher frequencies
result in larger curvatures of the waviness. Fig. 3 shows the
arithmetrical mean Ra and the third statistical moment, the
skewness Rsk, of the height distributions as function of the
proﬁle position y for the three diﬀerent ﬁlters. For the proﬁles
at y = 120 . . . 152 μm that pass over the ridge, the roughness
amplitude distributions diﬀer for diﬀerent ﬁltration kernels:
Parameter y / μm Ra / μm Rsk Rku
ﬂank (Gaussian) 265 0.38 −0.13 4
ﬂank (Spline β = 0.0) 265 0.38 −0.10 4
ridge (Gaussian) 139 0.28 −1.34 12
ridge (Spline β = 0.0) 139 0.27 −1.90 14
Robust ﬁltration is employed to suppress the inﬂuence of
outlying values, reshaping long tail distributions making them
closer to a Gaussian shaped distribution. For robust ﬁltration,
iteration is necessary. The amount of iteration steps has to be
chosen such that the resulting waviness proﬁles converge. We
have used the robust ﬁlter of ISO 16610-31 [8] with Gaussian
regression, where the Savitzky-Golay regression polynomial is
a parabola retaining the shape of peaks. That means it sup-
presses extreme tails without distorting the signal too much,
preserving the basic shape of peaks and dales.
The material ratio parameters Rpk, Rvk representing these
tails therefore are sensitive to the robustness and convergence
of the estimation. Fig. 4 shows that there is almost no diﬀer-
ence between ten or twenty iterations, i.e. that it converges.
One single iteration, as indicated with blue open circles, is not
suﬃcient. After about 10 iterations a convergence could be
assured for our examples. The red diamonds show the values
of Rpk resp. Rvk resulting from roughness after original linear
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Fig. 4. Robust ﬁltration means to suppress the inﬂuence of tails, here the tails
of the height distribution on the waviness proﬁle, resulting in larger tails for
the roughness. The material ratio parameters Rpk, Rvk representing these tails
therefore are sensitive to the robustness and convergence of the estimation. The
ﬁgure shows that there is almost no diﬀerence between ten (green bullets) or
twenty (black open diamonds) iterations, i.e. that it converges. One single it-
eration, as indicated with blue open circles, is not suﬃcient. The red solid
diamonds show the material ratio parameters resulting from roughness after
original linear ﬁltration with the Gaussian kernel.
ﬁltration with the Gaussian kernel.
Param. y / μm Rk / μm Rpk / μm Rvk / μm
face: linear 58 1.23 0.50 0.82
1 iteration 1.19 0.51 0.93
≥ 10 iter. 1.17 0.48 1.06
face: linear 79 1.21 0.42 0.41
1 iteration 1.16 0.46 0.46
≥ 10 iter. 1.11 0.53 0.70
ridge: linear 129 0.79 0.28 0.70
1 iteration 0.79 0.34 0.81
≥ 10 iter. 0.76 0.42 0.89
ﬂank: linear 253 1.10 0.49 0.57
1 iteration 1.11 0.51 0.64
≥ 10 iter. 1.11 0.51 0.66
For Rk of our regarded example the iteration number does
not change the value more than 5% for most of the proﬁles.
For Rpk the proﬁles passing the ridge or including signiﬁcant
mesoscopic features the values have shown changes up to 20%
(see proﬁle at y = 129 μm) whether only one or 10 iterations
have been carried out. For Rvk the number of iterations makes
a diﬀerence of up to 40% for the proﬁle at y = 79 μm. Rough-
ness describes stochastic features of a topography and therefore
needs a more complex statistical analysis for appropriate uncer-
tainty estimations. Roughness of the tool inﬂuences roughness
of the work piece thus delivering a chain of stochastic processes
[1].
4. Conclusion
The inﬂuence of the choice of ﬁltration methods on de-
trending mesoscopic structures and microscopic topography
has been shown for a typical workshop cutting edge. If sta-
tistical parameters to characterize a specimen are quantiﬁed, it
is necessary to deliver information on the chosen detrending
process. Splines with minimum tension energy as low pass
ﬁlter show a steeper transition at cut oﬀ wavelengths of the
transfer function than a Gaussian ﬁlter resulting in compara-
tively larger curvatures of the ﬁltered signal. A steeper transi-
tion means a clearer separation of wavelengths and therefore a
better shape retainment in the waviness, which could as well be
achieved by a Gaussian regression with parabola as used for the
robust ﬁlter, since the parabola takes care of preserving the sec-
ond moment. The residual high pass signal, which here is the
roughness, therefore has diﬀerently shaped height distributions
for diﬀerent preceding detrending ﬁlters. A non-worn cutting
tool edge already has shown diﬀerences of 4 to 10% of sta-
tistical roughness parameters, and for particular proﬁles even
up to more than 30%. Measurements on worn tool edges with
built-up edge, i.e. with signiﬁcant mesoscopic features, show
far more cross-talk eﬀects between the various scales and band-
widths. Tool characterization therefore demands for a clear and
detailed speciﬁcation of the methods of bandwidth ﬁltration and
feature extraction to obtain an appropriate assessment.
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